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Structural Basis of Diverse Substrate Recognition
by the Enzyme PMM/PGM from P. aeruginosa
1991). It catalyzes the reversible conversion of either
glucose 6-phosphate (G6P) to glucose 1-phosphate (G1P),
or mannose 6-phosphate (M6P) to mannose 1-phos-
Catherine Regni, Laura Naught, Peter A. Tipton,
and Lesa J. Beamer*
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117 Schweitzer Hall phate (M1P), depending on the biosynthetic pathway in
University of Missouri-Columbia which it is operating. The active form of the protein is
Columbia, Missouri 65211 phosphorylated at S108, and the enzyme requires Mg2
for full activity. The proposed reaction mechanism re-
quires two phosphoryl transfer reactions: first from the
enzyme to substrate, and second from the reaction inter-Summary
mediate back to the enzyme (Naught and Tipton, 2001).
The initial phosphoryl transfer is from phosphoserineEnzyme-substrate complexes of phosphomannomutase/
108 to bound substrate, creating a bisphosphorylatedphosphoglucomutase (PMM/PGM) reveal the structural
sugar intermediate (glucose 1,6-bisphosphate or man-basis of the enzyme’s ability to use four different sub-
nose 1,6-bisphosphate). This intermediate must reorientstrates in catalysis. High-resolution structures with
and bind in an alternative position to permit transfer ofglucose 1-phosphate, glucose 6-phosphate, mannose
a phosphoryl group back to the protein, forming product1-phosphate, and mannose 6-phosphate show that
and regenerating the active form of the enzyme (Fig-the position of the phosphate group of each substrate
ure 1A).is held constant by a conserved network of hydrogen
Although the chemistry of phosphoryl transfers hasbonds. This produces two distinct, and mutually exclu-
been studied in many systems, important questions re-sive, binding orientations for the sugar rings of the
main regarding substrate recognition, binding specific-1-phospho and 6-phospho sugars. Specific binding of
ity, and the role of conformational change during cataly-both orientations is accomplished by key contacts
sis for the phosphohexomutase family. In the case ofwith the O3 and O4 hydroxyls of the sugar, which must
PMM/PGM, this includes the structural basis of its abilityoccupy equatorial positions. Dual recognition of glucose
to utilize both mannose- and glucose-based phospho-and mannose phosphosugars uses a combination of
sugars as substrates. This dual substrate specificityspecific protein contacts and nonspecific solvent con-
allows the enzyme to function in multiple biosynthetictacts. The ability of PMM/PGM to accommodate these
four diverse substrates in a single active site is consis- pathways in the bacterium and also distinguishes it from
tent with its highly reversible phosphoryl transfer reac- the related eukaryotic enzyme, phosphoglucomutase
tion and allows it to function in multiple biosynthetic (PGM), which exclusively utilizes phosphoglucose as a
pathways in P. aeruginosa. substrate (Ray et al., 1990). Even more intriguing is the
ability of PMM/PGM to catalyze phosphoryl transfer with
both the 1-phospho and 6-phospho forms of these twoIntroduction
sugars. Because its phosphoryl transfer activity is fully
reversible and utilizes the same catalytic phosphoserineP. aeruginosa is an opportunistic human pathogen that
residue, the active site of the enzyme must accommo-produces life-threatening infections in cystic fibrosis pa-
date two completely different orientations of the phos-tients, burn victims, and immunocompromised hosts
phosugar while maintaining high affinity and specificity(Lyczak et al., 2000). P. aeruginosa is known to form
of binding. This is a complex and challenging problemantibiotic-resistant biofilms, and its infections are further
in ligand recognition for PMM/PGM and related phos-complicated by the production of multiple bacterial exo-
phohexomutases that has been previously unexplored.products that contribute to virulence. Three of these
Here we present four high-resolution crystal struc-virulence factors are alginate, lipopolysaccharide, and
rhamnolipid. Alginate is an exopolysaccharide that forms tures of P. aeruginosa PMM/PGM in complex with four
a viscous protective coating around the bacteria in re- biological ligands: G6P, M6P, G1P, and M1P. Because
sponse to certain environmental factors and also during the PMM/PGM reaction is highly reversible (Naught and
chronic cystic fibrosis lung infections (Govan and De- Tipton, 2001), all four of these phosphosugars are effi-
retic, 1996). Lipopolysaccharide is a complex glycolipid cient substrates for the enzyme, and it is equally correct
found in the outer membrane of Gram-negative bacteria to consider the structures presented here as enzyme-
and is a potent inflammatory stimulant (Rocchetta et substrate or enzyme-product complexes. (For simplic-
al., 1999). Rhamnolipid is a surfactant produced by P. ity, we will use the former designation.) By utilizing a
aeruginosa that plays a critical role in biofilm mainte- catalytically inactive form of the enzyme, we were able
nance (Olvera et al., 1999). to trap each of these molecules bound in the active site,
In P. aeruginosa, the enzyme PMM/PGM participates representing the state of the enzyme immediately prior
in the biosynthesis of all three of these virulence factors. to or following catalysis. These structures reveal for the
PMM/PGM is the product of the algC gene and is a first time the structural basis of diverse substrate recog-
monomeric protein with 463 residues (Zielinski et al., nition by PMM/PGM and confirm a key role for confor-
mational change of the enzyme in catalysis. They also
allow a better understanding of the diverse biosynthetic*Correspondence: beamerl@missouri.edu
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Figure 1. Mechanism and Overall Structure
of PMM/PGM
(A) Mechanism of PMM/PGM shown in the
biosynthetic direction of the reaction with
G6P as the substrate.
(B) Tube rendering of PMM/PGM and the G1P
complex. The apo-protein and G1P complex
were superimposed, and the areas differing
between the two protein backbones are
shown as a tube of varying diameter, propor-
tional to the differences between the two
structures. Domains 1 to 4 are shown in green
(residues 1–153), yellow (residues 154–256),
red (residues 257–368), and blue (residues
369–463), respectively.
roles of PMM/PGM in P. aeruginosa and serve as high area of the active site, which contains residues that
interact with the phosphate group of the incoming sub-quality templates for future efforts at inhibitor design.
strate, that we call the phosphate binding site.
The structures of the four PMM/PGM complexes areResults and Discussion
similar in overall structure to each other, and also to
the apo-protein. The various pairs of enzyme-substrateOverall Structure and Comparison with Apo-Protein
The overall protein fold and three-dimensional arrange- complexes have C atom root-mean-square deviations
(rmsd) of 0.2 A˚ or less. Differences between the com-ment of the active site of P. aeruginosa PMM/PGM was
previously described at 1.75 A˚ resolution by X-ray crys- plexes associated with binding of the four different li-
gands are confined to the active site and are detailedtallographic studies of the wild-type protein and an ac-
tive site mutant, S108A (Regni et al., 2002). These struc- in the following sections. Comparisons of the complexes
with the apo-protein also show a high degree of struc-tures show that the protein has four domains, arranged
in an overall “heart” shape (Figure 1B). The first three tural similarity, with only minor differences in backbone
conformation and essentially no changes in secondarydomains share a similar tertiary fold and are bridged
by extensive domain-domain interfaces. Domain 4 is structure. However, superpositions of the enzyme-sub-
strate complexes with the apo-protein (average rmsdstructurally unrelated to the others and has a less exten-
sive interface with the remainder of the protein. Key for C atoms of 1.1 A˚) indicate a rotation of domain 4
relative to the rest of the polypeptide by approximatelyresidues in catalysis, including the catalytic phospho-
serine and metal binding loop, were found to cluster in 9, resulting in the movement of individual residues by
as much as 4.5 A˚ (Figure 1B). This domain motion occursa large active site cleft formed by residues from all four
domains of PMM/PGM. Throughout this manuscript, we primarily through a small change in the backbone angles
of F367, which is located in a loop connecting domainsrefer to the vicinity of the active site near S108 as the
phosphoryl transfer site. Distinct from this is another 3 and 4. This results in a hinge movement that brings
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domain 4 in toward the active site, reducing its solvent- binding site highlights the importance of protein confor-
mational changes for creation of the substrate bindingaccessible surface area and volume by 50% (Regni et al.,
2002). The domain rotation also creates a new interface site by PMM/PGM. In the apo-protein, for example, the
distance between Y17 and R421 is 5.9 A˚, while in thebetween domains 1 and 4 with a surface area of160 A˚2.
Although the domain-domain contacts differ slightly in enzyme-substrate complexes it is 3.2 A˚. Since Y17 is
involved in the domain 1-4 interaction with N424, a directeach complex, all four structures have a hydrogen bond
between the side chains of Y17 and N424 (3.0 A˚ between link is made between binding of substrate and closure
of the active site, via interactions with the phosphatethe tyrosine hydroxyl and OD1 of N424). Two water-
mediated hydrogen bonds bridging domains 1 and 4 group of the substrate. Thus, it appears that rotation of
domain 4 is either required for, or induced by, bindingare also conserved in all of the complexes. The domain
movement and new domain 1-4 interface change the of the phosphosugar substrates. This proposal is con-
sistent with classical studies on rabbit PGM, which wasactive site of the enzyme from a relatively open cleft to
a deep pocket. The substrates in all four complexes are used as a model in early studies of substrate-induced
conformational changes (Yankeelov and Koshland, 1965).highly buried in this pocket, with only 5% of their total
surface areas exposed to solvent. The extensive number of contacts between the en-
zyme and the phosphate group and their conservationThe potential flexibility of domain 4 relative to the
rest of the protein was predicted by the relatively small across multiple structures implies that phosphate rec-
ognition plays an important role in binding of substratedomain 3-domain 4 interface in apo-PMM/PGM (Regni
et al., 2002). Small differences in the orientation of do- by PMM/PGM. The phosphate group appears to func-
tion as a “handle” which the enzyme grabs to positionmain 4 are also seen between various structures of the
related enzymes rabbit PGM (Liu et al., 1997) and para- the substrate in the correct orientation to accept a phos-
phoryl group from S108. This allows the enzyme to takefusin (Muller et al., 2002). However, the relevance of this
domain movement to substrate binding is demonstrated advantage of the most structurally similar feature of the
four ligands, regardless of the position of the phosphatefor the first time by these studies, since the interaction
of the related enzymes with substrate has not been (1 or 6) or the stereochemistry of the sugar (mannose or
glucose). Phosphate is well suited for use as a potentialreported. (Two complexes of rabbit PGM with bound
intermediate and inhibitor have been deposited in the determinant of binding, since it can participate in multi-
ple hydrogen bonding and electrostatic interactions,PDB, but never described in a publication). We expect
that rotation of domain 4 will be a common structural both of which are seen in these structures. Thus, the
invariant phosphate binding site would appear to be onefeature of this enzyme family and that it may play a role
at multiple points during catalysis. Movement of domain key to the problem of recognizing structurally diverse
substrates in the same active site.4 would be required upon not only substrate binding
and product release, but also presumably upon reorien-
tation of the intermediate during the reaction. In addi-
Recognition of 1- versus 6-Phosphosugarstion, as described below, the rotation of domain 4 and
The biggest challenge in substrate recognition for PMM/its resulting interaction with domain 1 is critical for creat-
PGM arises during its utilization of the 1- and 6-phosphoing the high-affinity substrate binding site.
forms of its sugar substrates. Of course, these mole-
cules are closely related, differing only in the position
of their phosphate. However, as described above, theThe Invariant Phosphate Binding Site
Because the phosphate group is the most conserved invariant phosphate binding site anchors the incoming
substrate via its phosphate group, regardless of thestructural feature of the four substrates, it seemed a
likely site for critical interactions between substrate and position of the substitution. Moreover, the enzyme
mechanism requires that both the O1 and O6 hydroxylsenzyme. In fact, a highly conserved phosphate binding
site is found in all four of the PMM/PGM complexes of the substrate move into proximity with phosphoserine
108 at different points in the reaction. Within these con-(Figure 2A). Four residues (R421, S423, N424, and T425)
in the same loop of domain 4 are within hydrogen bond- straints, perhaps the simplest way to complete the two
phosphoryl transfers is to exchange the positions of theing distance of the phosphate. The importance of one
of these residues, R421, which makes a bidentate inter- O1 and O6 hydroxyls and let the rest of the ligand atoms
“come along for the ride.” A superposition of G1P andaction with the phosphate group, was previously dem-
onstrated by isolation of an R421C mutant that fails to G6P (Figure 2B) as bound in the active site of PMM/
PGM shows that this is essentially what happens. Theproduce alginate (Zielinski et al., 1991). Another con-
served phosphate contact is made by Y17 from domain sugar rings in these two complexes are related by a
rotation of nearly 180 about an axis linking O5 and the1. These five residues are utilized in all four enzyme-
ligand complexes in precisely the same fashion, with midpoint of the C3-C4 bond. This nearly switches the
positions of the O1 and O6 hydroxyls, with differencesnearly identical bond lengths and angles between the
contacting residues and phosphate group. In the G6P in oxygen atom positions of the overlaid substrates of
less than 0.4 A˚ at the phosphate binding site and 1.2 A˚and M6P complexes, an additional contact to the phos-
phate is made by the side chain of K285. Two water at the phosphoryl transfer site. A similar result is seen
for M1P and M6P (data not shown).molecules also interact with the phosphate (Table 1),
which, together with the protein residues, completely The dramatic difference in the orientation of binding
for the 1- and 6-phospho forms of the substrates greatlyfulfills the hydrogen bonding potential of this group.
The participation of Y17 in the invariant phosphate increases the complexity of the recognition problem
Structure
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Figure 2. Interactions between PMM/PGM
and Its Phosphosugar Substrates
Protein side chains are shown using the same
color scheme as in Figure 1B.
(A) The invariant phosphate binding site illus-
trated with G6P.
(B) Superposition of G1P and G6P, with criti-
cal contacts to the O3 and O4 hydroxyls high-
lighted.
(C) Schematic of contacts made with the four
different positions of the O2 hydroxyl. The full
structures of G1P and G6P are shown (with
the C2-O2 bond in orange). For M1P and
M6P, only the C2-O2 bond of the sugar is
shown (in purple).
(D) Close-up view of the O1 and O6 hydroxyls
of G6P and G1P in the phosphoryl transfer
site.
(E) Superposition of the four phosphosugar
substrates in the active site of PMM/PGM.
G1P is lime green, G6P is purple, M1P is or-
ange, and M6P is light blue. The protein sur-
face is colored yellow; protein interior is
white.
(F) An Fo-Fc difference Fourier map (con-
toured at 3 ) showing electron density (gray)
for G6P in the active site. Phases for the map
are from the beginning of the refinement pro-
cess, immediately after the first round of rigid-
body and positional refinement, and prior to
extensive manual rebuilding. Substrate and
solvent were not included in the model.
faced by PMM/PGM. The different binding orientations the two predicted sugar binding sites overlap in the
active site.transform these related sugars into two completely dif-
ferent ligands (except for the phosphate group) from the Contacts between PMM/PGM and the sugar moiety
of its four substrates are predominately mediated byenzyme’s point of view. Since the ligands lack 2-fold
symmetry, the 180 reorientation changes the position hydrogen bonds to the hydroxyl groups, as is commonly
seen in other protein-carbohydrate complexes. A dis-of every atom in the substrate, except for O5, which is
near the rotation axis and stays within 0.3 A˚ of its original cussion of the contacts to O1 and O6 in the phosphoryl
transfer site is deferred to a later section, as is a descrip-position. The six-membered sugar rings are offset by
nearly half their width and show distinct differences in tion of contacts with the O2 hydroxyl, which differ in the
glucose- and mannose-based complexes. However, alltheir van der Waals surfaces (data not shown). The O2
hydroxyls occupy disparate positions in the superposit- four complexes share a set of conserved interactions
with the O3 and O4 hydroxyls of the substrates. Threeion and are separated by more than 6 A˚. The O3 and
O4 hydroxyls of the two sugars exchange places with residues (H308, E325, and S327) form hydrogen bonds
with these two hydroxyls (Figure 2B). In the 1-phosphoeach other (differences of 0.5 to 0.9 A˚), in similar fashion
to the O1 and O6 hydroxyls. The two different orienta- complexes, S327 contacts O3, H308 contacts O4, and
E325 makes a bidentate interaction with both O3 andtions of the substrates observed in the PMM/PGM com-
plexes are consistent with 19F NMR studies of the binding O4. In the 6-phospho complexes, the first two contacts
are exactly reversed: H308 contacts O3, and S327 con-of fluorinated glucose analogs to rabbit PGM. This work
indicated different binding environments for the fluorine tacts O4, while once again E325 contacts both. Only
small conformational changes in these residues are re-substituents on pairs of fluoroglucose phosphate mole-
cules and led to the proposal of an “exchange mecha- quired to adjust between the 1-phospho and 6-phospho
complexes. We note that the Km of PMM/PGM for G1Pnism” with two distinct, mutually exclusive binding sites
for this related enzyme (Percival and Withers, 1992). The is 70-fold lower than for G6P (Naught and Tipton, 2001).
While significant, this corresponds to a relatively smallexchange mechanism is consistent with the enzyme-
substrate complexes of PMM/PGM, which show that difference in stability (2 kcal/mol), and structural com-
Diverse Substrate Recognition by PMM/PGM
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Table 1. Enzyme-Ligand Hydrogen Bond Contacts in PMM/PGM Complexes
Ligand
Atom Protein Atom G1P (A˚) M1P (A˚) 1sa G6P (A˚) M6P (A˚) 6sb Allc
Phosphate Contacts
O1P K285 NZ 2.77 3.01 x
R421 NH1 2.78 2.74 2.72 2.67 x
Water 2.76 2.58 x
O2P S423 OG 2.64 2.71 2.62 2.61 x
T425 OG1 2.72 2.71 2.67 2.73 x
Water 2.77 2.68 2.79 2.86 x
O3P Y17 OH 2.61 2.58 2.62 2.56 x
R421 NH2 2.95 2.94 2.94 3.00 x
N424 N 2.88 2.82 2.84 2.92 x
Sugar Ring Contacts
O1 S108 O1P 2.53 2.60 x
Water 3.26
O2 S108 O2P 3.11
K285 NZ 2.92
H329 NE2 3.03
Water 3.17 2.55 x
Water 2.92 2.86 x
O3 H308 N 2.83 2.78 x
E325 OE1 2.56 2.55 x
E325 OE2 2.59 2.70 x
S327 OG 2.69 2.73 x
Water 2.84 2.74 x
O4 H308 N 2.93 3.07 x
E325 OE1 2.53 2.67 x
E325 OE2 2.73 2.79 x
S327 OG 2.80 2.69 x
Water 3.18 3.06 x
O5 R247 NH2 3.24
O6 S108 O1P 2.66 2.59 x
H329 NE2 2.75 2.85 x
All hydrogen bonds are 3.3 A˚ with favorable geometry.
a 1s: contacts specific to G1P and M1P complexes.
b 6s: contacts specific to G6P and M6P complexes.
c Contacts conserved in all four enzyme-substrate complexes.
parisons did not reveal any obvious explanation for a The ability of PMM/PGM to utilize a conserved set of
contacting residues for O3 and O4 is a direct conse-difference in binding affinities.
To assess the importance of the O3-O4 contacts to quence of the stereochemistry of glucose and mannose.
Because the O3 and O4 hydroxyls of these two sugarsthe overall binding of the substrates, we characterized
an E325A mutant of PMM/PGM. The mutant showed a are both in equatorial positions, these atoms exchange
places when the sugar ring is rotated by 180 as de-somewhat reduced Km of 7  2 M and Vmax of 6.4 
0.7 s1 compared to the wild-type enzyme (Km 	 12.1 scribed above. A similar exchange would not occur for
sugars where these hydroxyls are in axial positions,M, Vmax 	 22.2 s1). Despite the conserved bidentate
interaction made by this residue, its contribution is not since they would occupy very different positions after
rotation. It appears that these exchangeable contactsessential in the overall context of the active site. This is
perhaps not surprising given the many other residues with O3 and O4 are another key to diverse substrate
recognition by PMM/PGM, which could not be utilizedthat interact with the O3, O4, and other sugar hydroxyls.
Although additional mutants need to be evaluated to for sugars with different stereochemistry at these posi-
tions.draw a firm conclusion, these data suggest that the
PMM/PGM active site is highly robust and redundant, To confirm this hypothesis, we tested the activity of
wild-type PMM/PGM and the E325A mutant with twowith individual residues making relatively small contribu-
tions to the binding of substrates. A similar picture has alternative substrates, allose 1-phosphate and galac-
tose 1-phosphate, which are epimers of glucose at theemerged from the analysis of other active site mutants
of the enzyme (see Naught et al., 2003; and Mechanistic O3 and O4 positions. In the reaction of the wild-type
enzyme with allose 1-phosphate after 7 hr, only 3% ofImplications).
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the substrate appeared as a product eluting at 10.7 min. of the sugar. Alternatively, specific contacts could be
made with both possible positions of the O2 hydroxyl.No product could be detected in the reaction of the
wild-type enzyme with galactose 1-phosphate, or for In PMM/PGM, however, the situation is more complex
because of the two different binding orientations of theeither substrate with the E325A mutant. For comparison,
a reaction containing 50M G1P and 0.14g PMM/PGM 1- and 6-phospho sugars. In total, therefore, the sugar
specificity of PMM/PGM must account for four differentreached completion within 3 min. Galactose 1-phosphate
and allose 1-phosphate were also tested as potential positions of the O2 hydroxyl in the active site.
The approach used by the enzyme to accomplish thisinhibitors of PMM/PGM, using a coupled spectrophoto-
metric assay (Naught and Tipton, 2001). At a concentra- task appears to be a combination of both specific and
nonspecific binding interactions. In the two phosphoglu-tion of 0.2 mM, neither allose 1-phosphate nor galactose
1-phosphate inhibited the reaction with 10 M G1P. cose complexes, specific contacts are made between
the enzyme and O2 hydroxyls. In G1P, this contact isNotwithstanding the overall similarity of allose 1-phos-
phate and galactose 1-phosphate to its natural sub- made by K285, which rotates slightly from its alternative
role in the phosphate binding site (Figure 2A). In thestrates, PMM/PGM is unable to effectively utilize them in
catalysis. In addition, inhibition assays show that neither G6P complex, two protein residues (S108 and H329)
participate in hydrogen bonds with O2 (Figure 2C). In thecompound binds well to the enzyme. Although it is possi-
ble that the axial position of the O3 and O4 oxygens of two phosphomannose complexes, however, no specific
enzyme-O2 contacts are seen, although in both casesthese compounds interferes with binding due to steric
conflicts, modeling in the active site (data not shown) a water molecule makes a hydrogen bond with the O2
hydroxyl. It is easy to see how this arrangement, whereindicates clashes with only a few side chains that can
be rotated to avoid this. Therefore, it seems that the specific enzyme contacts are made with O2 of G1P and
G6P, but only water-mediated contacts are made withloss of all enzyme contacts with either O3 or O4 (in
contrast with the loss of a single residue such as E325A) O2 of M1P and M6P, can result in the dual substrate
specificity observed with PMM/PGM. However, it is nothas serious consequences for enzyme recognition and
activity. Other work has indicated that ribose 1-phos- immediately obvious how it could be modified to create
the highly specific PGM enzymes.phate and 2-deoxy glucose 6-phosphate are also poor
substrates for PMM/PGM (Ye et al., 1994). Despite its
ability to accommodate differing orientations of its two
Mechanistic Implicationsphosphosugar substrates, PMM/PGM has impressive
Phosphoryl transfer reactions commonly proceed viaspecificity for its biological ligands and should not be
general acid-base catalysis (Knowles, 1980). In the caseconsidered a promiscuous enzyme.
of PMM/PGM, the reaction was proposed to begin withThe unique ability of PMM/PGM to recognize two dif-
a general base, which would abstract a proton from theferent orientations of its substrates in the same active
O1 or O6 hydroxyl of the phosphosugar and activate itsite has implications for the larger -phosphohexo-
for nucleophilic attack on phosphoserine 108 (Naughtmutase enzyme family, which includes both the dual
and Tipton, 2001). After phosphoryl transfer, anotherspecificity bacterial PMM/PGM enzymes and the more
residue would be expected to act as general acid tospecific eukaryotic PGM enzymes (Regni et al., 2002).
stabilize S108. Ionizable residues of PMM/PGM nearUntil now, no structural explanation was available for
the phosphoryl transfer site were examined to identifyany family member on how this two-step phosphoryl
candidates for the general acid-base catalysts. For thetransfer could occur in a single active site. Because of
1-phospho complexes, the side chain of H329 makes athe high sequence conservation of the catalytic serine
hydrogen bond with the O1 hydroxyl and seemed a likelyand metal binding loop, and overall similarity of the ac-
choice for a general base; other possibilities based ontive sites of PMM/PGM and rabbit PGM (Regni et al.,
their proximity to the phosphoryl transfer site are R20,2002), it seems likely that other members of the phos-
H109, K118, R247, and H308. However, site-directedphohexomutase family will utilize a similar strategy for
mutagenesis of these residues (and a H109Q/K118Lrecognizing their 1- and 6-phosphosugar substrates.
double mutant) did not produce the expected significant
decrease in enzyme activity, although all of the mutants
showed some decrease in activity (Naught et al., 2003).Recognition of Glucose
and Mannose Phosphosugars Based on this data, it appears that PMM/PGM may uti-
lize the ensemble of residues in the active site, manyThe dual substrate specificity of PMM/PGM for both
glucose- and mannose-based phosphosugars allows of which are cationic, to create a positive electrostatic
potential to stabilize the ionized hydroxyls of the sub-this enzyme to participate in multiple biosynthetic path-
ways in P. aeruginosa. It is also the defining feature that strate and S108 during catalysis. This unique mode for
stabilizing the ionized substrate may allow the enzymedistinguishes the bacterial enzymes from their eukary-
otic PGM counterparts, which are highly specific for more freedom in positioning the reactive substrate hy-
droxyl in the active site, since a single specific residueglucose (rabbit PGM shows a 6000-fold preference for
glucose phosphosugars over mannose; Lowry and Pas- is not required as a general base. This could potentially
assist with the complex task of catalyzing phosphorylsonneau, 1969). The structural difference between glu-
cose and mannose is relatively minor, and, in principle, transfer with both the 1- and 6-phospho forms of its
substrates, the hydroxyls of which are separated bythe ability to utilize both sugars as substrates could
simply reflect a lack of specificity that allows the active 1.2 A˚ in superpositions of the complexes (Figure 2D).
The mechanism of phosphoryl transfer by PMM/PGM,site to accommodate both epimers at the C2 position
Diverse Substrate Recognition by PMM/PGM
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whether associative or dissociative, has not been deter- that PMM/PGM is an outstanding example of the ability
of proteins to create highly specific yet flexible bindingmined. However, in either case, the substrate hydroxyl
that accepts the phosphoryl group should be in proxim- sites. Similar recognition strategies may be used by
other proteins, such as antibodies and receptors, whichity with phosphoserine 108. In the PMM/PGM com-
plexes, each of the four substrates is bound with its O1 also have the task of recognizing structurally diverse
ligands.or O6 hydroxyl less than 2.7 A˚ from the O1P atom of
phosphoserine 108 and within 3.5 A˚ of the phosphorus
Experimental Proceduresatom, and is therefore in a position appropriate for the
initiation of catalysis. If phosphoryl transfer occurs through
Complex Formation and Structure Determinationan associative pathway, it would be expected to have
G1P, G6P, M1P and M6P were purchased from Sigma. Purification
a trigonal bypyramidal transition state, formed through and crystallization of apo-PMM/PGM was carried out as previously
an in-line attack on the phosphorus by the incoming described (Regni et al., 2000). These crystals contain the phosphory-
lated form of the enzyme, but are catalytically inactive due to anucleophile (either the O1 or O6 hydroxyl of the sub-
substitution of Zn2 in the Mg2 binding site. Initial difficulties withstrate). In the PMM/PGM substrate complexes, the O6
complex formation due to the high salt conditions necessary forhydroxyls of G1P and M1P are slightly closer to the
crystallization were overcome by transferring the crystals into poly-phosphorus and more nearly colinear with the phospho-
ethylene glycol (PEG). Briefly, crystals of apo-PMM/PGM grown
rus-S108 O
 bond than the O1 hydroxyls of G6P and from solutions of 50%–60% saturated Na, K tartrate were transferred
M6P (Figures 2D and 2E). This placement, which puts quickly into 79% (w/w) PEG 4000 and 25 mM ligand, and allowed
to soak for 1 min. Crystals were then flash-cooled without furtherthe O6 hydroxyls closer to the preferred 180 from the
cryoprotection for data collection. All enzyme-substrate complexesincipient leaving group, is consistent with the formation
were isomorphous with the apo-protein (space group P212121) ex-of the 6-phosphosugars being the faster direction of the
cept for a reproducible reduction of the c axis by 6 A˚ (Table 1).reaction [Keq	17.3 for the conversion of -G1P to ()- Datasets for the G1P, G6P, and M6P complexes were collected at
G6P; Atkinson et al., 1961], assuming an associative beam line 14-BMC at the Advanced Photon Source, Argonne Na-
pathway is used. The cluster of positively charged resi- tional Laboratory. The M1P data set was collected on a Rigaku
rotating anode generator and R-AXIS IV area detector. Diffractiondues observed in the active site of PMM/PGM could also
data were processed with DENZO and merged with SCALEPACKassist with stabilization of increased negative charge on
(Otwinowski and Minor, 1997).the equatorial oxygen atoms in this pentacoordinate
transition state.
Structure Solution and Refinement
Due to the cell change relative to the apo-enzyme, phases for the
G6P complex were determined by molecular replacement with CNS
Conclusion (Bru¨nger et al., 1998) using wild-type PMM/PGM (1K35) as the
It has been proposed that construction of a catalytic search model. The partially refined G6P complex (without ligand)
was used as a starting point for rigid-body refinement of the othersite is more difficult than a recognition site (Knowles,
complexes (G1P, M1P, and M6P). Electron density for the ligands1980). This hypothesis has particular relevance to phos-
in each complex appeared as nearly continuous, positive peaks inphomutases such as PMM/PGM, since the phosphoryl
Fo-Fc maps contoured at 3.0 , allowing for unambiguous placementtransfers catalyzed by these enzymes involve the same
of the ligands (Figure 2F). All structures were refined to convergence
chemistry at two different positions of the ligand. In through iterative cycles of positional refinement using REFMAC 5.0
principle, this reaction could be catalyzed by two con- (Murshudov et al., 1999) and manual rebuilding with O (Jones et al.,
1991). Progress of the refinement was monitored by following Rfree.secutive enzymes: one which would bind the substrate
Five percent of each data set was set aside for cross-validationin a single orientation and transfer a phosphoryl group to
prior to refinement; the same reflections were flagged as the testcreate the bisphosphorylated intermediate; and another
set in all four enzyme complexes. Water molecules were placedwhich would specifically bind the intermediate in the
automatically by WATPEAK (CCP4, 1994) in peaks 3.0  in Fo-Fcopposite orientation and remove the original phosphate. maps and within hydrogen bonding distance of nitrogen or oxygen
The fact that these two reactions have been combined atoms; water molecules without electron density in 2Fo-Fc maps and
B factors above 60 A˚2 were removed from the model.in a single active site demonstrates that it is indeed more
The final models (Table 2) extend from residue 9 to 463, exceptefficient to produce a single enzyme that can accommo-
for the M1P complex that begins at residue 6. Each model containsdate multiple orientations of its substrates, rather than
the following heteroatoms: phosphoserine 108, Zn2, phospho-to produce two different, highly specific enzymes that
sugar, and waters. The G1P, G6P, and M1P structures have 12, 11,
catalyze the same reaction. and 1 residues, respectively, modeled in two conformations. The
In summary, the four high-resolution PMM/PGM sub- individual complexes have from 12 to 16 residues whose side chains
were truncated to alanine. All models were validated with the follow-strate complexes presented here reveal how the enzyme
ing programs: SFCHECK (Vaguine et al., 1999) and PROCHECKhas solved the complex recognition problem presented
(Laskowski et al., 1993). The occupancy for all residues except thoseby its intramolecular phosphoryl transfer reaction and
modeled in multiple conformations is 1.0.dual-substrate specificity. First, it maximizes interac-
For structural analyses, the following programs were used for
tions with the structurally conserved part of the ligands. calculations: pocket surface area and volumes were done by CAST
Second, it utilizes several key residues that are precisely (Liang et al., 1998); domain interface surface area by the protein-
protein interaction server (Jones and Thornton, 1996); solvent-positioned to recognize two dramatically different orien-
accessible surface area of the ligands by AREAIMOL (CCP4, 1994);tations of the bound substrates. Third, its active site is
domain rotation by DYNDOM (Hayward and Berendsen, 1998); andsufficiently robust to make additional specific contacts
C superpositions by TOP (Lu, 2000). These calculations were donewith certain subsets of the complexes, such as the O2
using normalized structures; i.e., if one of the structures has a trun-
hydroxyls of its glucose-based substrates. In all of three cated residue at a position that could affect a calculation, that resi-
of these situations, conformational changes of the pro- due was truncated in all the structures. Enzyme-ligand hydrogen
bonds as determined by CONTACT (CCP4, 1994) are compiled intein, either global or local, are involved. Thus, it appears
Structure
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Table 2. Data Collection and Refinement Statistics
G1P G6P M1P M6P
Data Collectiona
X-ray source 14-BMC 14-BMC Home source 14-BMC
Space group P212121 P212121 P212121 P212121
Cell, A˚ a 	 70.70, a 	 70.59, a 	 70.90, a 	 70.65,
b 	 74.19, b 	 74.37, b 	 74.31, b 	 74.19,
c 	 84.84 c 	 85.99 c 	 85.48 c 	 85.40
, A˚ 0.900 0.900 1.54 0.900
Resolution, A˚ 25.0–1.60 25.0–1.60 100.0–2.0 25.0–1.90
Unique ref./redundancy 58633/8.2 59418/12.9 30357/4.8 35051/3.5
Rmerge, % 7.4 (49.1) 6.2 (47.7) 4.5 (25.5) 6.0 (35.8)
I/ 32.1 (3.8) 41.8 (5.6) 29.2 (5.9) 21.9 (3.4)
Completeness, % 99.1 (98.3) 98.7 (87.7) 97.1 (96.4) 97.3 (97.8)
Refinement Statistics
Resolution, A˚ 25.0–1.6 25.0–1.6 55.9–2.0 24.9–1.9
Rwork/Rfree 0.16/0.18 0.16/0.19 0.16/0.20 0.17/0.20
Non-H atoms 3536 3535 3455 3429
Waters 490 441 333 347
B, A˚2
Protein atoms 16.42 15.3 29.03 20.09
Waters 29.70 29.60 41.07 33.00
Ligand 14.18 15.29 30.16 24.80
Rmsd bonds A˚/angles  0.011/1.39 0.011/1.34 0.010/1.23 0.010/1.27
Ramachandran 1/2b % 92.7/7.0 92.4/7.3 91.9/7.5 92.7/7.0
a Values for highest resolution shell are in parentheses.
b (1) Most favored and (2) additionally allowed regions.
Table 1. Figures were prepared with MOLSCRIPT (Esnouf, 1997) pH of the solution was quickly adjusted to 7.5 by the addition of
and PYMOL (DeLano, 2002). 1 N HCl.
The crude product was purified by chromatography on DEAE
Sephadex A-25 (1.5 6 cm) equilibrated in 10 mM triethylammoniumSite-Directed Mutagenesis and Kinetic Assays
bicarbonate. The column was developed with a gradient to 0.5 MSite-directed mutagenesis was performed with the Quik Change
triethylammonium bicarbonate over 200 ml. Fractions containingmutagenesis kit from Stratagene using the expression plasmid de-
product were combined, and the solvent was removed by rotaryscribed in Naught et al. (2003) as the template DNA. The E325A
evaporation. 31P NMR analysis revealed peaks at 0.69 ppmmutant was confirmed by automated DNA sequencing.
and 1.13 ppm, present in a 3:1 ratio, representing the anomers ofGalactose 1-phosphate was obtained from Sigma and used with-
allose 1-phosphate.out further purification. Allose 1-phosphate was synthesized follow-
Galactose 1-phosphate and allose 1-phosphate were tested asing the general method for phosphorylation of hexoses (Warren and
substrates for wild-type PMM/PGM and the E325A mutant. EachJeanloz, 1973). Briefly, -D-allose (0.25 g, 1.4 mmol) was dissolved
compound was incubated at a concentration of 0.2 mM with 14 gin 1 ml freshly distilled pyridine and chilled on ice. Acetic anhydride
of enzyme, 2 M glucose 1,6-bisphosphate, and 1.5 mM MgSO4 in(1.0 ml, 10.6 mmol) was added drop-wise with stirring. After addition
MOPS at pH 7.4 in a total volume of 1.0 ml. Aliquots were removedwas complete, the reaction was allowed to warm to room tempera-
periodically and, after the enzyme was removed by vortexing withture and stirred overnight. The solvent was removed by rotary evapo-
CHCl3, analyzed by HPLC. Substrate depletion and product forma-ration, and the residue was dissolved in 10 ml diethyl ether. The
tion were evaluated directly by HPLC, using a Dionex Carbopac-1protected allose was transferred to a flask containing crystalline
column and pulsed ampometric detection (Dionex ED-40). The col-H3PO4 (0.8 g, 8.2 mmol) that had previously been dried in vacuo
umn was equilibrated in 0.1 M NaOH and operated at a flow rate ofover P2O5. The solvent was removed by rotary evaporation, and the
1 ml/min; after injection of a 25 l sample, the column was washedflask was evacuated and placed in an oil bath at 65C. After 2 hr,
for 1 min in the starting solvent and developed with a gradient overthe reaction mixture was removed from the oil bath and cooled, and
15 min to solvent containing 0.1 M NaOH and 0.5 M NaOAc. Standardthe residue was dissolved in THF and cooled in an ice-salt water
samples of G1P, galactose 1-phosphate, allose 1-phosphate, andbath. The pH of the solution was adjusted to neutrality by the addi-
G6P eluted at 8.8, 8.2, 9.3, and 10.6 min, respectively.tion of 1.5 ml concentrated NH4OH. Ammonium phosphate that pre-
cipitated from the solution was collected by filtration, washed with
THF, and combined with the original filtrate. The solvent was re-
Acknowledgmentsmoved by rotary evaporation to yield a brown oil. The oil was dis-
solved in a small volume of H2O and extracted six times with CHCl3.
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of beam line 14-BMC of the Advanced Photon Source of Argonneresuspended in toluene, and the solvent was again evaporated;
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Department of Energy, Basic Energy Sciences, Office of Science.methoxide (25% w/w) was added drop wise. A white precipitate
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